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Abstract
We investigate the low-temperature magneto-transport properties of individual Ge/Si core/shell
nanowires. Negative magneto-conductance was observed, which is a signature of one-dimensional
weak antilocalization of holes in the presence of strong spin–orbit coupling. The temperature
and back gate dependences of phase coherence length, spin–orbit relaxation time, and background
conductance were studied. Specifically, we show the spin–orbit coupling strength can be modulated
by more than five folds with an external electric field. These results suggest the Ge/Si nanowire
system possesses strong and tunable spin–orbit interactions and may serve as a candidate for
spintronics applications.
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Semiconductor nanowires exhibit novel electrical, optical, and mechanical properties and
offer substantial potential as building blocks of nanodevices owing to their one-dimensional
structure1–3. Besides being a good candidate for high performance electronic devices,
nanowires may also be used in the field of spintronics, which involves exploration of the
extra degrees of freedom provided by electron spin, in addition to those due to electron
charge4,5. In particular, Ge/Si core/shell nanowires represent a unique one-dimensional
system for exploring quantum coherence phenomenon at the nanoscale because of their
high hole mobility and strong quantum confinement effects6–9. In addition, as compared
with III–V materials (for example, InAs) where hyperfine coupling limits the electron spin
coherence, the prospect of long coherence times in group IV materials due to the predom-
inance of spin-zero nuclei has stimulated several proposals and significant experimental
effort for spin-based quantum information applications5,10,11. One key to realizing such
promise is the utilization of spin–orbit interaction which can be controlled by tuning the
applied gate voltages. However there are few investigations of spin–orbit interactions and
corresponding relaxation times in group IV semiconducting nanowires. Here, we report on
low-temperature magneto-conductance measurements of individual gated Ge/Si core/shell
nanowires in transverse magnetic field. The observed negative magneto-conductance data
are consistent with the one-dimensional weak antilocalization effect of holes in the presence
of strong spin–orbit interactions11–15. We extract the phase coherence length/time, the
spin–orbit coherence length/time, and the spin–orbit coupling constant, and verify both the
hole phase coherence and the spin–orbit coupling can be tuned in our system as a function
of gate voltage. The gate-tunable spin–orbit coupling strength suggests the Ge/Si core/shell
nanowire is a candidate platform for designing future spintronics applications5.
The undoped Ge/Si core/shell nanowires studied here, which have an average germa-
nium core of 10 nm and silicon shell of 2 nm, were grown using a two-step chemical vapor
deposition process reported earlier6. The nanowires were suspended by ultrasound sonica-
tion in isopropyl alcohol, then deposited onto 50 nm thick oxide on a degenerately doped
Si substrate. The Si substrate was also used as a bottom gate electrode. After nanowire
transfer, source and drain contacts were defined by electron-beam lithography. To make
good contacts between metal leads and the Ge core of the nanowires, the samples were
treated in buffered hydrofluoric acid for 3 s to remove any native oxide on top of the Si shell
before electron-beam evaporation of source/drain electrodes (palladium, 50 nm thick). A
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FIG. 1. (a) Current through the device as a function of bias voltage at different back gate voltages
at 400 mK. (inset) SEM image of a similar device (scale bar: 1 µm). (b) The measured conductance
(blue dotted line) as a function of magnetic field at back gate voltage of −1 V, together with the
fitting curve (red dashed line). (inset) Schematics of the experiment setup.
total of three devices from the same batch of nanowires were studied, and all have produced
remarkably remarkably similar results. For consistency, we present here the data (including
the mobility and density value) from only one device. The scanning electron microscope
(SEM) image of a similar device is shown in the inset of Fig. 1(a). In Fig. 1(a), the current
is plotted against bias voltage at several different back gate voltages at the temperature
of 400 mK. The low-temperature linearities of these Ids − Vds characteristics, especially at
zero bias, verify good Ohmic contacts between metal leads and the nanowire were achieved.
We also observed signs of possible multiple subbands transport through the nanowire at
different temperatures (see Supporting Information Fig. 5) similar to our earlier studies6.
Using the transport data and taking into account of the gate capacitance Cg, which is given
by the cylinder-on-plane model16, the hole mobilities of the device can be calculated as
followsing6,17:
µ =
dIds
dVg
× L
2
Cg
× 1
Vds
(1)
Here, dIds/dVg was obtained from the linear region of the Ids − Vg data (see Supporting
Information Fig. 5 and Fig. 6), L = 1.5 µm is the length of the nanowire between two
contacts of the device, and Vds is the source-drain voltage at which the Ids − Vg data were
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taken. A mobility of ∼ 300 cm2V−1s−1 at room temperature and of ∼ 600 cm2V−1s −1
at liquid Helium temperature were determined. These values are consistent with previous
results7 in Ge/Si core/shell nanowires.
Magneto-conductance measurements were carried out with the external magnetic field ap-
plied perpendicular to the axis of the nanowire as well as the substrate (inset of Fig. 1(b)).
The two-terminal magneto-conductance G of the nanowire was measured using quasi-dc
lock-in technique with a bias voltage of 40 mV at 11.3 Hz in a Quantum Design Physical
Properties Measurement System cryostat. Data from one of the magneto-conductance mea-
surements were plotted in Fig. 1(b), in which a clear magneto-conductance peak (blue dotted
line) at the center of magnetic field was observed. Magneto-conductance data at different
gate voltages and different temperatures are plotted in Fig. 7 and Fig. 8 in the Supporting
Information. It is well known that the quantum interference of the electron wave functions
reduces (increases) backscattering of the electrons from impurities and therefore, increases
(decreases) the conductance from its Drude value leading to weak antilocalization (localiza-
tion) effects in systems with (without) strong spin–orbit interactions12. Applying a magnetic
filed perpendicular to the sample destroys these interference effects and restores the conduc-
tance to its Drude value. The present observation is consistent with the suppression of the
weak antilocalization by the external magnetic field. The presence of weak antilocalization
in our experiment indicates strong spin–orbit coupling in this system11. It is important to
note that unlike previous reports on arrays of quantum dots18, nanowires14 or two dimen-
sional system19, the interpretation of our data is based on weak-antilocalization effect of
hole gas in an individual nanowire without any average15.
In an one-dimensional system, at a magnetic field B, the weak antilocalization correction
including the spin–orbit interaction effect to the conductance is given by12–15:
4
G(B) = G0 − 2e
2
hL
[
3
2
(
1
l2φ
+
4
3l2SO
+
1
DτB(B)
)−1/2
−3
2
(
1
l2φ
+
4
3l2SO
+
1
l2e
+
1
DτB(B)
)−1/2
−1
2
(
1
l2φ
+
1
DτB(B)
)−1/2
+
1
2
(
1
l2φ
+
1
l2e
+
1
DτB(B)
)−1/2 ]
. (2)
Here, e is the electric charge of electron, h is the Planck constant, lφ is phase coher-
ence length, lSO is the spin–orbit coherence length, le = vFµm
∗/e is the elastic mean-free
path. D = vF le/2 is the diffusion coefficient
13. G0 is the background conductance (Drude
value) without the localization or antilocalization correction. τB(B) = 9.5l
4
B/(w
3vF ) +
4.8lel
2
B/(w
2vF ) is the relaxation time due to external magnetic field, for which we use the
expression in the case of specular boundary scattering in one-dimensional channel13. w is
the diameter of the conductance channel (nanowire diameter). m∗ is the effective mass of
hole in Ge. The hole density nd and mobility µ can be estimated from the transport data.
λF = 2(3nd/pi)
−1/3 is the Fermi wavelength and vF = 2pi/λF is the Fermi wave velocity.
The estimated le value is around 22 ∼ 48 nm, and the estimated λF value is around 5 ∼ 8.5
nm (Both le and λF depend on the gate voltage and the temperature). Since our system
is in the regime L ≫ le ≫ w > λF , Eq. 2 is suitable for our case. In addition, since this
fitting equation is only valid for lB = (~/eB)
1/2 > w, we restricted our fitting to the data
where the magnetic field is smaller than 6 T. Overall there are three parameters lφ , lSO
and G0 in Eq. 2 that are used to fit our experimental data. One of the fitting curves is
indicated by the red dashed line in Fig. 1(b) and the fitted lφ at 400 mK are shown in
Fig. 2(a) for different back gate voltages Vg. There is an apparent overall decrease of lφ in
the range between Vg = −4 ∼ 5 V. This can be explained as the holes lose phase coherence
as the device becoming more insulated20. This change demonstrates that the carrier coher-
ence properties can be controlled by tuning the gate voltage over a wide range15,21. From
the fitting data, we also obtained the phase relaxation time τφ = l
2
φ/D, which is consistent
with the values obtained from weak localization of holes in p-SiGe quantum wells22,23. The
extracted phase coherence times at the same gate voltage follows a power law dependence
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of temperature τφ ∝ T−2/3, as shown in Fig. 2(b), which is observed previously in several
other one-dimensional systems24–28. The T−2/3 dependence of τφ indicates that the scattering
mechanism is dominated by the Nyquist process, in which the inelastic hole–hole collision
happens with small energy exchange24. At low temperatures, τφ is found to saturate, which
is a signature of either the heating the carriers by current29 or external microwave noise30.
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FIG. 2. (a) The extracted phase coherence (blue solid line) and spin–orbit coherence length (red
dashed line) as a function of back gate voltage at T = 400 mK. (b) The extracted phase relaxation
time (blue solid line) and spin-orbit relaxation time (red dashed line) as a function of temperature
at Vg = −4 V. The black dash-dot line in panel (b) indicates τ ∝ T−2/3.
Fig. 2(a) also shows the extracted spin–orbit coherence length lSO as a function of the gate
voltages. The extracted values of lSO are in the range 70 ∼ 80 nm at 400 mK. The spin–orbit
relaxation time shown in Fig. 2(b) is deduced from lSO = (DτSO)
1/2. It is interesting to note
that unlike earlier studies on electron gas systems which show that τSO is independent of
temperature15,31, in our case we found τSO decreases by about two folds as the temperature
is increased to 150 K from 10 K, indicating that hole–hole scattering and phonon scattering
accelerate the spin relaxation at high temperatures32.
To further confirm the validity of the fitting method, the background conductance G0
obtained from fitting using Eq. 2 was compared with that estimated using the Drude classical
conductance model for the one-dimensional nanowire:
GDrude =
piw2
4L
ndeµ, (3)
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FIG. 3. The background conductances G0 obtained from fitting (blue solid line, shown with
error bar) and from the Drude model (red dashed line) as a function of (a) hole density and (b)
temperature.
where nd and µ are density and mobility of the nanowire estimated from transport data. We
plotted the fitted background conductance as well as the values estimated from the Drude
model in Fig. 3 for different densities (Fig. 3(a)) and different temperatures (Fig. 3(b)). It is
found the extracted G0 values are in good agreement with the estimated Drude conductance,
which implies the weak antilocalization dominates the transport and the model is well de-
scribed by Eq. (2). Fig. 3(a) shows that the conductance decreases monotonically with the
decrease of the hole density, as expected. We also found in Fig. 3(b) that the background
conductance keeps increasing when the temperature decreases before T > 30 K, which in-
dicates the suppression of hole-phonon interaction at lower temperatures. In addition, G0
saturates below 30 K, which is likely due to the effect of residual impurity scattering inside
the nanowire21.
We now discuss spin–orbit coupling in this system. Since both bulk Si and Ge have an
inversion center33, in our analysis we do not include the Dresselhaus effect, which is induced
by bulk inversion asymmetry34. The Elliott-Yafet effect, which is caused by the lattice
vibrations and impurity scattering35, was also neglected due to the high hole mobility and the
observed effect that the spin–orbit coherence length lSO is a strong function of Vg (Fig. 2(a))
but the mobility µ is insensitive to Vg. To obtain the spin–orbit coupling strength αSO, we
only include the Rashba effect, which originates from the structural inversion asymmetry of
7
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FIG. 4. Plot of spin–orbit coupling strength αSO as the function of the back gate voltage.
the device geometry and can me modulated by external potential19,36,37:
αSO =
~
kF
√
2τeτSO
, (4)
where kF is the Fermi wave number, and τe is the transport relaxation time. In this way,
the spin–orbit coupling strength αSO can be deduced from the weak antilocalization mea-
surements, as shown in Fig. 4. Significantly, we note that the spin–orbit coupling strength
decreases by more than five folds as the absolute value of the back gate voltage Vg increases.
The gate tunable spin–orbit coupling in Ge/Si core/shell nanowires in turn suggests the
Ge/Si nanowire system is a suitable candidate in applications of spintronics device38. In
addition, a nonmonotonic back gate voltage dependence was observed for lφ, lSO (Fig. 2(a))
and αSO (Fig. 4) around Vg = 0 V
21. The nonmonotonic behavior might be caused by inter-
subband scattering between multiple subbands involved into the magneto-transport6,28, or
how the original asymmetry of the confinement well profile is canceled by external electric
field at small field37, which need further investigation.
In conclusion, we observed weak antilocalization of one-dimensional holes in an individual
Ge/Si core/shell nanowires with strong spin–orbit coupling. The phase coherence length,
the spin–orbit coherence length as well as the spin–orbit coupling strength and background
conductance were extracted by fitting the experimental data at different temperatures and
gate voltages. Both the phase coherence length and the spin–orbit coupling strength were
8
found to be adjustable by an external electric field. Our results illustrate the potential of
chemically synthesized Ge/Si core/shell nanowires in future spintronics applications, and
using this system as a platform for studying coherent spintronics phenomena of holes in
low-dimensions.
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Discussion on the possible influence of Pd contacts on the observed magne-
toresistance effects.
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We believe the observed magnetoresistance effects are intrinsic to the Ge/Si nanowire
system due to the following reasons:
From the data in Phys. Rev. B 39, 915 (1989) and Phys. Rev. B 39, 3015 (1989), we
resistance of the Pd leads was estimated to be less than 5 kΩ (L×W ×H = 100 µm ×400
nm ×50 nm), which is much smaller than the resistance of the nanowire (50 ∼ 100 kΩ).
In addition, the magnetoconductance effect in Pd films has been found to be only around
13
0.5% based on the data in the references listed above. This effect is too small to explain the
observed magnetoconductance of around 3% observed in our system.
Furthermore, the magnetoconductance effects induced by the Pd contacts will be relevant
when the magnetic length lB =
√
~
eB
> w = 50 nm (thickness of the Pd electrodes), i.e. for
magnetic field |B| < 0.26 T. However, the magnetoconductance peak observed here covers
several Tesla.
Finally, Aluminum contacted Ge/Si core/shell nanowire devices have also been tested
and similar magnetoconductance effects were observed which are consistent with the results
in this manuscript.
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